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ABSTRACT

Work on Contract Nonr-2L8(LO) has beer til-ccled tuward the priparation of detailed
climatic maps of Africas and the Indian sub-continent after the system of classification
devised by Thornthwaite in 1946. To complete the work required, climatological records
for morc than 1200 selected stations in Africa and LOO stations in Indie .nd vicinity
were collected, analyzed, and tabulated. Water balances for each station were derived
from the clinmatic data alone using methods introduced by Thornthwaite, From such calcu-
lations, detailed estimates of potential evapotranspiration, actual evapotranapiration,
s0il moisture utilization, woter surplus, and water deficiency were obtained., In addi-
tion, the moisture type and thermal efficiency of the climate were determined at each
station,

Each of the principal vater balance factors was studied in relation to its regional
variations and a method of mapping was selected. The methcd recopnized the effects of
topographic diversity and the influence of oceans on climatic factors. Uistribution of
solls, vegetation, or hydrography were not used as the basis for interpolating data among
stations although arreement between the climatic mapse and such physiorraphic information
is clearly apparent. It was found that each of the selected climatle factors was
especially corr~lated with topopraphy. The agreement with Loporraphy was most noticeable
in Lthe case of potentlal evapotranapiration and least noticeable with precipitation. The
distributions of water surplus and deficiency, and the moisture regions which depend on
‘oth potential evapolransuiration and precipitation were intermediate in thelr agreement
with topograyhy,

Climatic maps a* a scale of 115,000,000 of average annual potential evapotranspiras-
tion, water deficlency, water surplus, the moi.ture regions, and precioitation were pre-
pared for Africa and India. The larpe-scale climatic maps could not be reproduced
inexpensively for inclusion with this report so small-scale maps givine the general
outlines of the patterns shown on thene more detajled maps were prepared and are included
as plates and II. Maps of precinitation are included in the text for comparison with
the other alements of the water balance, Descriotions of each of the maps are provided.

L5)




CLIMATES OF AFRICA AND INDIA ACCORDING TO THOANTHWAITE'S 1948 CLASSIFICATION
by
Douglas B, Carter

The 1948 Thornthwaite climatic classification introduces the concept of potential
evapotranspiration and uses it in the task of delimiting climatic regions. Potential
evapotranspiration is defined as the quantity of wzier that would be evaporated and
tranapired from a vegetation-covered area when the soil always contains an optimum of
noiature. Cla.aifications based only on temperaturs and precipitation and their seasonal
variations cannot delineats climates accurately for they fail to provide a rational inter-
pretation of the molature factor. One cannot tell whether a climate is moist or arid
from a knowledge of precipitation alone. Only by compuring the precipitatior or aveil-
able water with the potential evarotranspiratinn or water necd can a raancnalble aczexge-
ment of the moisture environment be made., Under Thornthwaite's 1948 classification,
climatic boundaries are delineated on the basis of climatic factors slone and are inde-
perndent of the diatridbution of vegetation or soil, criteria which mipht be used in any
svaluation of the syrtem,

A large number of regional stud{?a ugi 153ng Thornthuaite's new system of climatic
classification has recently appeared. 12, 2,4,5) "1 addition, under Air Force sponsor-
ship, comuut ationa and maps of the classification have beer prepared at the Laboratory

of Climstolopy for Japan, Korea, Formoss, China, Austra)ia, Southwemt Ania, and continen-
tal Southeast Asia. Unfortunately, most of these previous maps are not comparable in
scale or in method of mappine and the maps do not embrace whole continents. Computations
and maps of Thornthwnite's new classification have been particularly lacking for Africa
and India. Thus the present contract was begun in order to complete the mapping of the
climatic classification for the largest land areas remaining unmapped - areas which are
of considerahle strategic importance in the present world situation.

RESEARCH OBJECTIVES

Tha objectives of the project were (1) the computation of the various climatie
indicen of the 1948 Thornthwaite classification of climate for the Indian sub-cortinent
and all of Africs} (?) the mapping of these quantities on a scale consistent with the
density of the climatic stations; and (3) preparation of s brief discussion and demcrip-
tion of the renulting patterns,

ELEMENTS OF THE CLASSIFICATION

In some aresn, precipitstion ia always more than the evapotranspiration, the
wate need, 30 that the #0il remains full of water and a water surplus occurs. In
other places, month sfter month, precipitation is less than potential evapotranspiration,
there is not enough molsture for the vegetation to use and a moisture deficit occurs,
Stations with both wet and dry seasons, or with cold seasons of low water need, normally
show (1) a period of full storage, when precipitation exceeds water need and a molisture
surplus accumulates; (2) a drying sesson when stored soil moisture and precivitation are
used in evapstranspirstion, storige is steadily diminished, the actual evapotransnirstion
falls below the potential and moisture deficiency occurs; and (3) s moistening season
when precipitation again exceeds water need and soil moisture is recharged,

1. Burpos, J. J., ond Vidal, A, L. Los Climas de 1la Republica Argentina Segun la Nueva
Clasification de Thornthwaite. #Meteoros, Ano I, No. ), tnero 1951, pp. =32,

2. Kkrinc, Sirri., The Climates of Turkey According to Thornthwaite's Classifirations,
Annals Assoc, Amer, Geogr,, Yol, 37, No. 1, March 1949, pp. 26-L6,

3. Uarnler,Bb. J. Thornthwaite's New System of Climatic Classification in Its Applica-
tion to Nev Zealend. Trans. Hoy., Soe, Nev Zealand, Vol. 79, Pt. 1, June 1951, pp. 87-103.

L. Howe, u, M, Climates of the idhodesiss and Nyasaland A~cording to the Thornihwvaite
Classification, Usorr, Rev., Vol, L3, No, L, 1953, pn. 525-537,

S. Sanderson, M, The vlimates of Canade According to the New Thornthwaite Clasaification.
Scientific Agrieculture, Vol, 28, No. 11, Nov, 19LB, pn. SO1-817,
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It was originally asrumed, for convenience only, that the root gzone of the soil
contained a maximum of 10 cm of water .n storage at field capscity and that this moisture
would be used at the potential rate as long as any of it remained. Actually, we have
known that the moiature holding capacity of the scil available for use by the roots may
be much greater than 10 c¢m and that as soil moisture is utilized the rate of evapotranspi-
ration will diminish. Recent workl suggests that at least 30 cm depth of water will be
available for use by deep-rooted mature plents in most normal soils and that the evapo-
tianspiration rate which diminishes a2 the soil dries is proportional to the amount of
vater in the s0il, When the s0il moisture is reduced to one-half of capacity the actual
svapotranspiration rate will be anly one-half of the potential rate. Somewhat comparable
values of actual evapotranapiration, water surplus, and deficit are obtained using either
the original 10 ¢m assumption or the new assumption of a 30 em storage capacity and a
varying rete of svapotranspiration as would be expected from a consideration of the
assumptions themselves. The new procedure is prcferable, however, since it is more
realistic than the older empirical one and depicts more exactly the processes going on

in nature.

Using the new procedure it is possible to work out a water balance sheet from
climatological data alones showing at all times the s0il moisture cond.tion and providing
values of moisture surplus and defieiency. In figure 1, precipitation is compared with
both potential and actual evapotranspiration at selected stations in Afrieca and Indis
vhile table I gives the water balance computations for two of Lthem. The various opera-
tions indicated in table 1 are relatively straightforward., When the soil moisture is st
field cspecity, actual and potential evapotransriration are the same and all precipita-
tion in excess of the potentisl evapotranspiration is realized as water surplus, When
precipitation does not equal potential evapotranspiration the difference is made up ir
part from soil moisturs storage; but aa the soil becomes drier, the part not made up is
larger. This 1is the water defieit, the amount by which actual and potential evapotran-
sniration differ. The soil moisture storage change cannot be determined directly but
must be obtained from an appropriate table,

Table 1

Water Balance for Selected Stations
{in centimeters)

J P M A M J 3 A 5 0 N n Y
Kayes, French West Africa

totential Evapo. 9.6 13,0 17.L 18,9 20,2 18.8 17.1 15.8 15.5 15.L 1h.8 9.3 186.9
Precipitation o 0 0.1 0.3 1.7 9.5 18.4 21,k 14.C LoC 0.1 0.2 69.7
Diff.rlnc. 09.6-1300-1703"1806.180‘; .903 1.3 506 -1 06-120!]’1'107 '901 .117.2
3torage Change® 0 0 O 0 0 0 1.3 8,6 0,7 =h.3 -1.9
Soil Moiat, Storage 0 o0 O O O 0 1.3 6,9 6,2 1.9 0 O 16.3
Actual apo. 0 0 01 0.3 1.7 9.517.1 15.8 1k.7 8.3 2.0 0.2 69.7
Water Ueficiency 9.6 13.017,318,418,5 9.3 0 0 0.9 8.112.8 9.1 117.2
Water Surplus 0 0 o o0 0 0 0 0o o0 o o o

Srinagar, Xashmip

Potential EVIpo. 0 0.) 2.1 . . . Le2 13.1 8.7 hos 1.7
Proctpltuﬂon 7oh 70] 901 90!‘ 6.1 306 ‘;.8 601 Joa 300 100 303 6‘07
Difference 7.[1 6-8 7.0 l‘nh '2-8 ‘8.2 -Boh '700 'hoq -] .S '007 2.9
Storage Chang e® T 6.8 3.2 0 =2.7 5.9 =5.8 «3.) «1.9 =0.5 «0,2 2.9

Soil Moist, Ltorage 20,0 26.8 30,0 30.0 27.3 21.L 15.6 12.3 104 9.9 9.7 12,6

Artual ,E"Wc 0 003 2.1 500 8.8 9.5 11-6 90,1 507 3.5 1-2 0.h 57.§
Water Doﬂchncy 0 0 0 ] 0.1 203 2.6 Jl7 Joo 1.0 0,5 0O 1).?
Water Surplum 0 o0 38 LLO o o o o o0 o O 8.2

#%141 moisture utilisstion diminirhens as the noil mointure storape becnmen lonrs,

I Mornthwalte, G, We, and Mather, J. R, The Water Budget ann Its Use in Irrigation.
In Yearhook of Agrieulturs, 1955, U, S, Uepartment of Agriculture (in press),




In regions where the water deficiency s large with respect to the need or poten-
tisl evapotranspiration, the climate is dry; when water surplus is large with respect to
the potential evapotranspiration the climate is moist, Where there 18 a water surplus
and no water deficiency, the relation betwsen water surplus and water need constitutes
an index of humidity. Similarly, where there is a water deficlency and no surflua, the
ratio between water deficlency and water need con-titutes an index of aridity.

Water surplus and deficiency will occur at different seasons in most places so
that both must be taken into account in a moisture index, the one affecting it positively,
the other negstively., When the humidity index is compared with the aridity index making
due allowance for soil moisture storage and utilication a moisture index is obtained.
Moist climate. have positive values of the moisture index while dry climates have nega-
tive values, This index ia the basis for the division of the world into moiature pro-
vincex. The divisions sugpested are!

Moisture Province Mristure Tndex

A Parhunid 100 and shove

BK; 20 - 99.9

B -n 0 - 79:9
3)"-Hunid LO - 59.9

Cs  Moist sub-humid 0 = 19.9

Cy Dry sub=humid =19.9 - 0

D Semi~arid =39.9 = ~20

E Ardd «60 = )40

The moist and dry climates sre separated by the moisture index of zero.

A second index used to define climatic provinces is the annual potential evapo-
transpiration itself. Evapotranspiration = the change in state of water from liquid to
vapor - represents not only an {mportant masa transfer from ground to atmosphere but also
it i# an important agency of energy tranafer aince consid.rable heat is used in evapo-
transpiration and it ia transferred to the air with the vapor acz latent heat., Evapo-
transniration is more than the reverse of rainfall; it is also a reverse flow to the
inconing radiation. A single parameter, hence, provides a picture of two of the princi-
pal exchanges between narth and atmosphere.

With moist soll practically all of the net radiation i{s used in evapotranspiration
and 1ittle goes to wurming the soil or heating the air. Under these conditions the
actual evapotranspiration approximates the potentlal evapotrananiration., Thus, this
latter quantity becomen an index of available energy - enearpy which ia used in the evapo-
trananirstion of water and i{n the growth of plants. Aa such, potential evapotransnirae
tion ~an be expressed either in depth of water evaporated or in calories of energy used
in .apotranspiration or plant growth. The thermal provinres <sfined by meana of poten-
tial evapotranapiration or available energy are given belowt

Annua) FPotential Evapotranspiration

Thernel Province Depth of Water Uaed Energy Availahle
A'  Megathermal 911L.0 em D 6647 ke cal

3 g2 Ges AR
B'y). b =« 9.7 em 0.1 - o kg ca
B'g) Mesothermal Ny =« 855 cem L1.86 =« 50,0 kg cal
2'y) S1el = 71.2 em Jdt = Ule7 kg cal
C's). L2, = 67.,0em 25, « 333 kg cal
Gryy” Merothermal 8.6 = L2.7 om 167 = 78.0 ke cal
p'=  Tundrs . 1l « 28,5 em Bl = 116 kg ead
E! Fronat 0 e 14.2 em ] « 8.3 kp eal

Y. Thornthwaite, C. W. An Approach Tovard s Rational Clasnificatiocn of Climate,
Cmgr. Hevw,, Vol, 38' No. 1, 19!!8. PP, 65«9k,
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It is worthy of stress that the indices which define these "provinces" spacify at
every point a thermal growth potential and the degree of moirtness or dryness of the
climate, In other words, the indices are continuously distributed about the earth, and
do not exist merely along boundaries.

These then are important elements of Thornthwaite's classification. In adiition,
indices of the seasonsl variation of each of the moisture and thermal indices are some-
times included. Because of the predominance of tropical conditions in Africa and India
and the consequent lack of well-defined seasons, however, the seasonal indices have not
been included in the material prepared under this contract. In their place, maps of two
supplementary cl'matic elements, the water surplus and the water deficit have been
included. Detailed maps of the distribution of precipitation which were constructed
during the course of the work on the contract are also included in the present report.

The significance of annual water surplus im most spparent in aprrejsing the uater
resources of any region., The annual surplus 13 the annual sum »f monthly amounts by
which precipitstion exceeds water need and replenishments of anii moisture storare and
s0 it is equivalent to the annual runoff. To map the water surplus the following scale
of intervals has bean arbitrarily selected.

less than 10 em 80 - 99
10 = 19 100 = 149
20 - )9 150 = 199
LO - 59 200 - 299
60 - 719 300 - 399

L4LOO and over

The snnual water deficlency is the sum of monthly deficits resulting from the
failure of precipitation and soil moisture storage to supply the water nesded for poten-
tial evapotranspiration. Intervals used in the mapping of water deficiency are completely
arbitrary and are virtaally the same as those used for mapping water surplus.

CONSTRUCTION OF CLIMATIC MAPS

The three major considerations in the preparation of climatic charts under this
contract were: (1) the collection and snaiysis of all avallable climatological "normals"
of monthly temperature snd precipitation und the computation of potential evapotranspira-
tion and the other climstic paramcters from those datas (2) the standardization of a
method of interpolating among station values; and (3) the selection of a suitable base
map wi th a scale which is appropriate for the station density and method of interpolation,

Data of temperature and precipitation for practically all Indian stations were
availabl‘ in the Lahoratory's files at the beginning of the contract. Such data for
African stations were, however, generally lacking. The deficiency was rectified through
two steps: (1) member nations of the World Meteorologicsl Organization's Repion 1

Africa) wvere systematically addressed with requests for climatological normals; and

2) secondary sources in the Weather Bureau Library snd the American Geopraphical Society's
library wvere surveyed, As a remult, the latest available climatological summaries were
obtained from most areas. This effort to obtain data was saterially hastened as a result
of a rather complete list of climatological data which are available in leading libraries
prepared for us by the Directorate for Climatology, Air Weather Service.

Most of the stations from which data were available had records of 10 to )O years
durstion. 1t sas not possible to reduce all the data to a standard pericd of observation
because the periods utilised by the different countries are not coincident. Temperatures
are particularly conservative in tropical regions and averages of even a few years are
quite stable, PFPrecipitation, however, varies grestly so relatively atahle values can
only be obtained from many years of record. Precipitation records from several stations

had to be rejected as too short,

The computations of potential evapotranspiration, tha moisture index, and the water
deficit and surplus from mean monthly temperatures and precipitation were carried out
with the ohjsctive of reducing errors to & minimui. In addition, a system of checks ‘ran
instituted in order to validate the computationa, The checking of potential evapotranspie-
ration was carriad out rraphically wvhile the romrutations of water surplus and deflicit
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were mont easily checked by the continuity of the moisture balance sheet (table 1). The
final check for all valucs was the mapping of the sctual values, >

The numerical climatic data pertain strictly to the station locations so that data
for intervening places can only be inferred from the influences of the local environment
on the distributions of climatic elements. The factors of greatest significance for
local interpolation are the oceanic and the topographic influences.

Maps of the paraneteras vhich are affected by thermal conditions should allow for
a greater effect of cooling along coasts where the land-sea breeze ia well developed [
| than in the imm-diate interior. Cooling is also apparent at cosstal ststions adjacent
| to cold upwelling ocean waters where air movement is directed towsrd the shoreline. The
i oceanic influence is probably less effective along very wet coasts because of the simi-
| larity of the thermul balances over the ocean and wet coastal lands.

Topographic diversity is reflected in nearly all climatis distributions; cornse-
quently, the topographic map is to some degree a gulde to interpolation among climatic
values. For example, elevation is usually correlated with lowered potentisl evapotran- »
spiration, with smaller water deficit and preater water surplus and precipitation. The
pattern of potential evapotranspiration closely reflects the toporrarhic diversity of
s region althoush it does not usually correspond exactly with tha elevation contours.
By contrast, the precipitation pattern only gencrally resembles ths toposraphic pattern.
Since water surplus, and deficit, and the moisture index result from comparisons of
potential evapotranspiration and precipitation amounts, the local topogranhy exercises
an influence on these parameters which is intermediate between its effect on precipita-
tion and potentisl evapotranspiration. [

Objective interpolation amonp station values for the puroose of drawing isopleths
of climatic parsmeters ia clearly basic to ar e~curate presentation of any climatic
distribution. In order to construect mapa which present only climatic data, interpolation
has been based on only the known ocesnic and teporraphie influences and not on evidence
from other diatributions such as vepetation or soils which would be utiliged in evaluating
the adequacy of tho mapping. Coastal regions have been treated from the standpoint that
the land-sea breeze should result in a narrow band of cooler, more moint climatic conditions. B
The coastal regions adjacent to cold ocean currents have been regarded as completely domi- '
nated by the cool dry sir associated with the cold ocean currents. Flsevhere the effect
of topography is the contrnlling factor so that hypsometiric maps were required as base
maps.

Every climatic pattern tskes its major alignment from the principal topographic
outlines. Regiona of notable relief have the greatest climatic diversity while lowlands
are distinguished for their relative uniformity., Although climatic data are often lack-
ing in sruntainous areas, the correlation of elevation and climatic parameters improves
with h _ght; thus, data are usually much more representative in the mountains than in
regions of lesser relief.

The general results of the method of interpolation may be summed up as follows:

1 1. A pronounced cosstal modification of isopleths along cool coasts

2. A lcoalised pattern of cooling for the belt of land-sea breezes »
3, Frequent assymetry between isopleths of the moisture parameters and tho eleva-

vation contours
Le Virtusl coincidence detween potential evanotranspiration and contoura of

zlevation for all small regions but orly general correspondence between precipitation

distribution and relief
S. Intermediate agreement of water surplus, water deficiency, and moisture regions

vith elevatinn contours, ®

The foregoing considerations have dictated the type of base maps to be employed,
A relief map with reliable contours is needed and the number of stations for which
relisble data have been obtained suggests a map scale of about 115,000,000, The World
Aeronautical Planning Chartes employing such a scale were adopted for the final base map
for the Indian sub-continent. Maps from the same series and on the sams scale which were
available for Africs vere less satisfa:tory since certain areas lacked eontours. The
115,700,000 map of Africa being prepared by the American Geographical Soclety for publieca-
tion 1n 1955-556 met our requirements adequately. Although this map is y:111 in the ®
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productior stage, it was possible to obtain prints of the compilation sheets showing
relief and hydrography on scales of 113,000,000 end 1:5,000,000 through the cooperation
of DOr. C, B. Hitchcock, Director of the American Geographical Society. The 115,000,000
sheets vere utilised as the base map for the climatic maps of Africa.

The 115,000,000 maps of Africa and India are so large that reproduction at that
scale would be too expensive for general distribution with this report. However, a
Bruning print of each climatic map has been made at a scale of 115,000,000 and the print
has been hand-colored. From the colored prints, other maps of the five principal para-
meters, potent!al evapotranspiration, water surplus and deficit, moisture index, and
precipitation have been prepared in smaller scale, retaining as much as pos-ible the
detail in the large-scale maps. Coples of these small-scale maps are included in this

report,

CLIMATIC MAPS OF AFRICA
Average Annual Precipitation

Traditionally, averages of precipitation have been an Lngredient of climatic
classifications. In Thornthwaite's classification, however, the annusl amount is not
utilized directly; instead, monthly amounts are compared with potential evapotranspira-
tion and storage needs in order to determine surplus and deficiency of moisture.

In figure 2 the distribution of the average annual precipitation in Africa is
shown. The principai festures of precipitation in Africa have been described elsevherel
and need not be repeated here. However, it should be noted that a wide range of amounts
oecurs over the continent - from nil in southern Egypt to nearly 1000 cm ot Debundscha,
Nigeria. Moreover, as can be seen frox the water balance graphs (figure 1) the annual

. amount may be concentrated in a few months or distributed more or less evenly through

the year,
Average Annual Potential Evapotranspiration (Plate I-A)

It was indicated previously that potentisl evapotranspiration is equivalent to
either the vater need or thea thermal efficiency of a climate and that the potentisl
evapotranspiration and the precipitation are given in the same units. The distribution
of aversge annual potential evapotransapiration in Africa ia shown in plate I.A,

Although not shown, the values of potentisl evapotranapiration of iL.2 cm delimits
the coldest,or frost (E') climates. In Africsn latitudes E' climates occur only on the
highest sumits generally above 15,000 ft, Small islands of E' climate occur on Mts,
Ruwens 1, Kilimanjaro, and Kenyaj; these islands are represented on the 115,000,000 map
of porential evapotranspirstion completed under the contract but no E' climate appears
in the reduced map included in this r-rort, Although more areas of D' climstes than E!
climates are represented on the 115,000,000 map, notadbly on Mt. Elgon, the Drakensberg,
and several summits in the central and southern Ethiopian mountains, there is no siuni-
ficant extent of this climatic type in Africa so it, too, has been omitted from pla‘te I-A.

The microthermal (C') climates in Africa are found only at relatively high alti-
tudes in Morocco, in the Drakensberg, on the highest volcanoes of Kenya and Uganda, and
in the Ethicpian Highlands. Tha C', D', and E' climates arec restricted exclusively to
mountain regions because warm water surfaces nearly surround Africa and separste it from
ecource regions of truly cold polar air.

Mesothermal (B') climates comprise the range of annual potentisl evapotranspira-
tion from 57 cm to 114 cm vhile ragathermal (A') climates have an annusl sum exceeding
11 em, The B' and A' climates are the only two thermal typea in Africa with an apprecle
able sreal extent,

The map of potential evapotransciration shows that, north of a 1ine from Port
Fiienne on the Atlantic coast to central Tuniria thence southward including the tablelands
of wantern Likya end eastward to the Sinai Peninsula of Egypt, the climate is mesothermal,

T Rendrew, W. U, Tha Climates of the Continents, New York, Oxford Univ. Press,
)l'l' ’.(’.‘ ]oh?' pnn “']0?.
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Pigure 2, Average annual precipitation in Africa




South of the northern mesothermal climates, megathermal conditions prevsil over
all the Sahara except the Tibesti end Ahasgar Massifs. A' climates extend to the Guines
Coant and to nearly all of the Conpo Basin in wenstern and central Afrieca and large sreas
of A' climaten surround the Ethiopian Highlands. Potential evapotranspiration increanes
southward in the megathermal climstes to maxima which are located in four main baninas in
the Sahara and Somalia, Suhsidiary centera are found in the Benue Valley of Nigeris and
on the Red Sea coast. The largent ares of potential evspotranspiration exceeding 171 cm
is in French Weat Africa in the lowlands southwest of the Ahaggar. Other centers of
more than 171 cm are located in the Chad Pasin and in the Upper Nile prevince of Anglo-
Egyptisn Sudsn. Along the Somalia cosatsl plain and into the Juba snd Shibell velleyn
there ia another muaerate ares of more than 171 em of potential evapotransaniration.
Values of water need exceeding 171 em appsrently are not common in other continents and
certainly annual sums exceeding 200 em are prerently unknown excent st @ single atation
{n Somalis. At Lugh Ferrand!, the average annua) potentinl evapotranspivatisn amrunts

to 20A6.7 cm,

The mareh of potential evapotranapiration in the mepathermal climates of central
and ventern Africa is extremely varied; » single peak, a doudble peak, or multiple peaks
of water need occur at various places in this vast region. Along the boundary of
northern mesothermal and megathermal climates, the march is chara~terised by a great
annna) range from January minima of one or two em to July maxima of about 20 em. Figure
1-F shows that at Beni-Ahbes, Algeria, during July, the water need soara to 22.1 cm, an
apparent. record monthly maximum,

A douhle maximum of water need is common at latitudes lower thar 20° in the mega-
thermal climates. At Kayes, figure 1-D, it can be sren that peaks of water need occur
Just before and after the periods of greatest monthly rainfall., However, the amplitude
of the annual range of potential evapotranspiration diminishes so greatly near the
equator that some stations have multiple naxima because the differences in the lengths of
the months are the dominant variation. PFor instance, Gandajiks, Belgian Conzo (fipure 1-E)
has a maximum in each of the four months with 31 days during its rainy season but each
month with fewer than 31 days has a minimumj however, the annual range {s less than 3 cm.

The mosothermal climates vhich embrace the interior rlateaua of Ethiopis, kenya,
Tanpanyika, Ruanda-Urundi, Anrola, the Rhodeaias and Nyasaland, Bechuanaland, and the
Union of South Africa have rather distinect contrasts to the mesothermal climatea which
exist across the northern extremity of the continent, The mesothermal climates in the
highlands of Tanpanyika, Kenya, Uganda, Ruanda-Urundi, snd Ethiopis have small annual
ranges of potential evapotranspirastion rather than pronounced winter and summer periods
found in the mesothermal climate of northern Africa. Precipitation amounts and distribu-
tions are differcat, too, from the feast and famine regime of the Mediterranean so the
oset African mesothermal climates have & ressonably large percentage of the potentisl
evapotranm ' cation sstinfied by available moisture. The regime of water need at Mudende,
figure 1=C, 1llustrates the smsll annual range of water nerd which is characteriatic of
upland equatorial Africa.

The mesotl.ermal climates of the coast of southwestern Africa exhibit an "inversion®
pattern. Potential evspotranspirstion on the narrow, cold coastel plain i{s penerally
legs then 85 em and upland stations also have small anrual sums but intermediate eleva-
tions have & water need which exceeds either the coastal or the upland placen, For
example, water need increases by 18 cm from 73 em at Swakopmund to 91 cm at Windhoek only
to diminish again to 85 om at about 5000 feet in the mountains east of Windhoek. Invere
aions of potential evapotransniration also occur, but in lesser degres, in the mesother-
el cilmetes of coastal Moroccu and the megathermal climates of coastal Nigeria. Meso-
thermal climater of southern and northern Africa are basically similar in their thermal
effioiency regimes, dut the relief of the two regione is strongly contrasted so the
sress of comparable types of thermal efficiency are disaimiler. Even more contrasting
are the regimes of soil mofsture in the tvo regions; hardly sny arees of the southern
mesotharmel cl imaten except the Cape Province has conditions of agriculture and growth
of netursl vegetation comperasble to those in the northern mesothermal region in apite
of the fundamental similarities in grovth potentials.

Madapascar’s pattern of potential evepotranapiration is almost a replica of its
relief pattern except that the water necd {s slightly larger in the rorthwest coaatal
plain than el eshero,




Averuge Annusl Water Surplus (Plate I-D)

A map of the average annus) water surplus in Africa is included {n plate I-D,
Adost of Afriea has 1ittle or no reliable surplus. In the Mediterrsnean roastal repion,
the aversge surplus is nil st many ststions such as Bencazi (figurms 1-B) where average
winter precipitation only partially refills the storage capscity of the soil.

Surplus in the Sudan from Gambia tv the Cold Coast Increases southwestward culmi-
nating in the phenomenal annual value of 3.6 cm at Schiefflin, Liberia. Surplus is a
debatable asset in this repion where the enormous amounts are further aggravating because
of their confinement to a very few months.

In southeastern Gold Coast and adjacent Togo and Dahomey, the averare annual sur-
plus drops to less than 10 em. Thi~ peculiar «i*tuation ir dre tn ¢he {(,1equary of pre-
ciritation, primarily, since the rainfall pattern is interrupted here., The lack of sur-
plus is accompanied by evidence of dryness in every climatic map of Africa presented in
this report.

The largest region of appreciable surplus in Afries extends from northwestern
Nigeria to Nyasaland and from southwestern Argola to southwestern Anglo-Egyptian Sudan.
Withir this region twc main centcrs of surplus are apparent: the Cameroons and the up-
lands of the eastern Conpo Basin,

Surplus in the Cameroons is greatest along the coast nnd decreasss inland. Never-
theless, the princ’/pal range of the Cameroons has a surplus of more than 60 cm. The
record precipitation at Debundscha, Nigeria, provides a surplus in every month but else-
where in the Cameroons surplus is interrupted ir at least onr month and Kribi even has a
dual regime of surplus as fizure 1-A shows.

The western flank of the Mitumba Mountains in the eastern Conzo Basin has a large
surplus, particularly the portion in the vicinity of O° to 3°S latitude. The largest
amount 13 200 cm at Muindo where every month has a surplus,

The center of excesrive surplus in the Cameroons and the corresvonding focus of
rurplus on the sartern Congo ranges are separated by lesser values of surplus, especially
along the léwer Congo River where the river forms the western border of the Belgian Congo.
An annual surplus of 6.9 ¢m at Inongo is the lowesat indicated value in the region. Other-
wise, fron Nigeria to Nyasaland, surplus is abundant.

Surplus in the Ethiopian Highlands is common on necarly all elevated tracts.
Greatest amounts occur in the southwest and south but little is found in Eritrea or
Somalis. Surplus in Ethiopis is markedly sessonal with many months, particularly Decem-
ber, Ja.uary, February, and March devoid of surplus even at the wettest of atations,

From Lake Rudolf to Lake Nyasa, maximum surplus in British East Africa occurs on
the contorted discontinuous relief slements which punctuate the platesu. Moreover,
gradients of surplus are steep on the slopes of the restricted relief. Over the plateau
of Uranda-Tangenyika surplus varies only slightly above and below a value of 20 cm.
Northern Mozanbique has more diversity in its surplus; indced, the coastal plain north
of Beira has 1ess than 20 cm vhile a considerable srea in the northweat has more than

LO em of surplus.

Surplus of more than 20 em occurs in the Union of South Africa on the Drakensherg,
the plateau rim in the eant, and on the ranges parsllel to the south coast. From the
Crakensberg, many streams carry sway the summer rurplus but the Orange River system is
psrticularly noteworthy. The Orange crosses nearly the width of the Union without the
benefitl of any sireable murplus after it leavez the uplands of the easrt,

Surplus on Madagascar ranges from 218 cm at Tamatave to nil at Tulear, Tsihembe
and Morombe and innignificant smounts at the northern extremity of the island, A second-
ary maximum occurs along the northecentral mountains,

average annual Water Deficlency (Plate 1-C)

Leficit is equivalent to droursht = it is the need for moisture that storage and
precipitation have failed to meet, Only the repions without deflecit are free from drought,

:‘l’t,
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A glance at the map of average annual water deficiency, plate I-C, 1is sufficient to
indicate that drought prevails over all Afric. except in the equatorial sone from the
Cameroons to Lake Victoria, in eastern Madagascar, and in the cooler mountain districts.

The greatest average annual deficiencies occur in Somalis and in the Sahara where
more than 150 cm of water is needed at many stations in order to rectify deficits. Three
centers of extrems deficiency occur in the Sahara and snother extends alonr the Red Sea
coast and into Somalia. Each area of extreme deficiency in the Sshara coincides with s
topographic basin. In southern Africa the drought is not as severe, quantitatively, a~
it is in northern Africa so the pattern of deficiency for the continent is much more
asymmetric with respect to the parallels of latitude than is the case for preecipitation
distribution or the distribution of water surplus on the continent.

South of the Atlas Mountains and also south of the LiLyan and kyyptisa (naety,
vater deficiency increases in the Sahara to maxisum values which are virtually equivalent.
to the potential evapotranspiration at esch station., At Kharga in southern Egypt, the
average deficit actuslly equals the water need because average precipitation is nil for
a twenty-year record., Since many stations in the Sahara receive no rain for more than
a year at a time, water deficiency there is clearly a persistent rother Lhan a seasonal
trait of the climate.

On the Ethiopian Highlands, deficiency is 11 cm at Addis Ababa even though the
station has an altitude of 8000 fect. Elevation's effect on potential evapotranspiration
eradicates deficit from only the highest peaks. Peaks in the tthiopian Highlands are
high enourh to have a negligible deficiency but summits in Eritrea and Sudan sre not.

The region with largest rainfall in Liberia, Sierrs Leone, and Senegal also has
a remsrkable deficiency. No other large region in #'. ea with more than 500 cm of
precipitation has such s marked seasonal concentrav. . of rainfall and a resulting deficit
of more than 20 em. Throughout the equatorial forest repion from Lake Tanganylka to
Pt, Gentil and from the Camercons Mountains to the Kenya-Uganda boundary, deficiency is
megligible,

British Eant Africa and the Portugese territories of Morambique and Angcla have
essentially similar annual deficiency. South of the Kenya peaks, annual deficiency
ranges from 20 to 60 cm on the uplands of Tangaryika and Motambique hut varies even
less on the plateaus of Angola and the Rhodesias, Mountains with more than 5000 feet
elevation have smallest deficits. Alonr the coast of Morambique and Tanganyika, defi-
ciency ranges from 60 to 80 cm snd in the Limpopo and Zamberi valleys, the deficit
spproaches or exceeds 100 ¢m, a marked contrast to the adjacent uplands.

One of two coastal areas in Africa without a significant average deficiency i»
Natal in the Union of South Africaj the other is found in French Equatorial Africa and
Nigeria. The Natal region of low deficiencies extends from the vicinity of Fast London
to Empangeni then inland and northward to Ladybrand, Standerton, Carolina, and Pilgrims
Rest. Continustions of the low deficit region radiate outward from the main ares along
the ridges near Pletershurg and also along the ridge toward Mafeking,

Other regione in Africa with )0 cm deficiency are extenaive, particularly over
the platesus at 10°3 and in the Sudan in North Africa. However, the latter are tropicsl;
they have much larger amounts of precipitation, water need, and water surplus than the
platesus of South Africa.

Deficiencies in the Kalshari Desert reach almost 100 cm annually but the prevsil-
ing deficit is only about 80 em, Esst of the desert, deficits decrease with increaming
sltitude glthough a low-altitude connection between areas with high deficiencies in the
Kalahari{ Desert and the lower Zambesi Valley is maintained by a corridor where average
defi:iency exceeds 50 em. The large deficiency in the lower Limpopo, however, is more
or less isclated from the Kelahari by moderate deficits at Zeerust and Mafeking.

Average snnual water deficiency is less along the Namid coast than it is on the
mountains hordering the Namib because the need for water is greatly depres=ed at coastal
stations hy the pronounced cooling associated with the Benguela Current. The coastal
ares from the mouth of the Orange River to Mossamedes has negligible precipitation and
t0o watry deficiency in almoat squivalent to water need.
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Madagsacar's water deficiency ranges from nil on the east coast to about 100 em
in the southwest, west, and the northern extremity of the island. In the valley which
contains Lake Aloatra, the annual deficiency is 27 cm at Ambohitsilsorana. FExcept for
this anomaly, the pattern of deficiency in Madegascar is quite regular.

Molsture Regions (Plate I-B)

The main types of molsture regions in Thornthwaits's classification of climate
are perhumid, humid, subhumid, semiarid, and arid. Each of these types is shown in
plate I1-B. Furthermore, the dry subhumid and moist subhumid types are differentiated
Py a bold line which reprezents the zern moisture index. The ir.id line <sparate« moiwt
climates with prevailing moisture surplus from dry climates with prevailing delicirncy
of moisture.

Moist climates in Africa are not contiguousj they are found in five major groups
on the continent. Moist climates occur in the Atlas Mountains, the Ethioplan Highlanda
the Gulnea Coast, tha Congo Basin and its surrounding plateaus, and moist climates are
found on the sumvits of wvarious mountains in the peripheral ranpes from the Cape Province

to Lake Nyasa.

One major bloc of dry elimates occupies the lowlands of the Mediterranean coast
snd all the Saharaj moreover, it extends to the coast in the Gold Coast Colony, in Topo,
and Dahomey, and it encircles the Ethiopisn Hirhlands, and projects across the equator
in eastern Kenya to the vieinity of Kilimarjaro, The other large group of dry climates
comprises the coastal strip south of 5°S latituce and the interior plateaus of southern
Angola, and lovwlands of northern Rhodiesia and .iozambique, together with all lowlands
and plateaus in HBritish South Africa except a triangular bloc extending from lurban to
Bloemfontein to Pletersburg.

Perhumid Climates

The perhuda climate of the Cameroon coarct centers on Port Victoria and extends
from the northern bourdary of Spanish Guinea to the mouth of the Cross River but it is
limited to the region wiv.uin a hunired miles of the coast.

The Mitumba Mountains northwest of Lake Tanganyika have a perhumid climate with
surplus sccurring in the period from September until June. OSummits have continuous
surplus, On the veatern flank of the Mitumba range, perhumid climate extends to stationa
as low a° .0)0 meters such as Mwindo.

The perhumid climate of the Lthiopian Highlands is found at Gondar, elevation
7LLS feet, and at Let Marefis, elevation 7898 feet. In mouthern Lthiopia, perhumid
clinmates occur at about 7000 feet on the southwestern sides of the ranges where precipi-
tation is excensive.

In Kenya, the perhumid climates are confined to the summits of volcanic peaks.
One station, Kericho, elevation 5700 feet, has a moisture index suffieient for perhumid
climate. Houeer, the decresse of water need with height in centrasl Kenya indicates
the certainty of perhumid climates at well-exponed stations above 7000 feet.

North of Lake Tanpanyika, more than 209 cm of precivitation fall on mountain
stationa hut water need is less than 100 cm x0 the climate locally ia oerhumid. Molsature
indicex in the vieinity of Tukuyv indicate that perhumid climates occur ahove SN0 feet

cn min-euapt slopra,

Fartern Malagascar aleo has perhumid climate, Climatic conditions resemble thone
in the Cameroons where precipitaticn is excesaive In aplte of a moderataly larve water
need,

Hunid Climates

Yumid ¢l imules appear in limited areas of Moroccs, Alperia, and Tunistia. The
humid rlimaten of the Mediterranean are distinpulshed hy moderats am-unts of rurplus and
noeaspirable deaflictency, Durmplua ocrurs durlng winter but summer has larpa deaficita
Yerguan prect o dtation {8 anly a few mm durlng July and Auust,




The me -t conspicuous moisture type of the Ethiopian Hiphlands 1« the humi{ eraup,
Ali fou. suh-types of humid moisture reglons are represented and many ~omh.natiane of
sarolus and leficlency exist,

Humid elimates in French Guinea and the Ivorv Coast are shown in plate T-8 as
more extensive than the adjacent perhumid climate which dominates the coasts of Liberis
and Sierra Leone, The humid climates of this region are slmost the sntithesis of humid
conditions in the Mediterranean because the Guinea Coast has a larpe surtvlus in a few
months and moderate deficit lasting for several months.

The principal “loc of humid climates in Afrjca extends in a hand from routh
central Nigeria and Spanish Guinea on the west to Lake Victoris and Lake Tanranyika in
the east, The larpest expanse is in the Belgian Conro and French Equatorisl Africa.

The predominant moisture indices are in the lowest of the humid catepories althourh a

few stations, mainly with elevations of more than 1000 meters and an apn~:r~V p=gc'pitation
near or exceeding 200 cm, have high indices spiivachilug perhumid conldiiluviis. Outliaen

of the main humid region are found in the mountains of Nigeria and on the nlateau of
northwestern Anpola and the Crystal ifountains north of the lower Congo.

The remaining areas of humid climate on the continent are found on the uplands
and mountains along the perimeter of the continent from Lake Nyana to the Uape of Lood
Hope.

Subhumid Climates

Moist and dry subhumid climates in Afrieca occur where either mepathermal (A') or
mesothermal (R') conditions occur; appsrently, subhumid and microthermal (C'), or colder,
characteristics do not coexist anywhere in Africa. The subhumid climates occupy the
lower slcpes of the Atlas Mountains, the tthioplan Highlandx, snd the routleastern pla-
teau rim of the continent, the Sudan margin of the humid climates, the Lake Victoria
plateau of Uganda, Kenya, snd Tanganylka, the coartal repion of central Mozambique and
the cosatal region of Natal. The region south of the lower Kasai River and the Katanpa
district in the Belpian Congo constitutes a remarkable expanse of subhumid climates
wvhich is interrupted only by i=lands of upland humid climate.

Subhumid climates everywhere in Africa have some deficioncy and some surplus.
On the Lake Victoria platesau, surplus snd defici® are small, around 20 em, and the
resultant moist subhumii climates grade into dry subhumid varieties toward the south.

Subhumid climates occupy most of the lower elevations in Tanpanyika and Mozamhique;
much of southarn Rhodesia is also dominated by subhumid climate. The obvious difference
between the subhumid climate of southern Rhodesia and the subhumid climate of lowlsnd
“orambique ‘. that the latter has a larger surplus, potential evapotranspiration, and
preci pi tat  .n,

The subhumid climates in east Africa are generally mesothermal while those in
west Africa are megathermal. The mesothermal subhumid climate of the Natal hinterland
is the remilt of a most remarkable coincidence betwsen the marches of water need rnd
precipitation. A small deficlency and virtually no surplus is characteristic of the
w.aternmoat part 0f the subhumid climate here wvhile a small surplus without much defi-
cisncy 1s the prevailing condition aslong the coast near Durban,

Semiar!id Climates

Semiarid climatea in Africa sre almost devoid of a significant surplua. Semiarid
elimate dominates the lowlands of Morocco and the interior of northern Alperia, In
Lihya, the semiarid rlimstes occur only in the Gebal Nefuma, in the Gehel al Achdar,
snd along the coast near Sirte. Surrounding the Ethiopian Highlonda and extending in a
taparing hand toward Dakar i{s the larpest reglion of semiarid climate in northern Africa,
The hand of samiarid elimate protrudes to the coast in the vieinity of Accra, Gold Coant
Cnlany.

Tha two {solated sepments of remiarid climate in Tanpanyika, west of the mountain
barrier and on the Mazamhinua-Targenylka coast, cofincide with 1ofal minima of precipita-
tinn,
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The largeat area of semiarid climate in aouthern Africe extends in an arc around
the Kalahari Dessrt from southern Angola tu the Keroo; it includes all of Bechuanaland
and it has two ramifications eastward to Mozambique along the Zambuzi and Limpapos valleys,

The relatively restricted semiarid climates of Madagascar are found in the south-
western plains and at the north coastal station of Diego Suarez. OSemiarid climate in
Madagascar pre=s.uis 1ittle competition to other moisture regions for the development of

apricultural pursuits.

Arid Climates

.

The arid climates are the most extenulve lii Africa. L addlll n (o the roaet 0o
coast belt of arid climate across the Sahara, northern Africa has small outliers ol
arid climates in coastal Morocco, to the southeast of the Ethioplan Hirhlands and in the
lowlands surrounding Lake Rudolf and Lake Natron in Kenys and Tanpanyika. Arid climates
in the southern hemisphere include the Kalahari Desert and the southweat coa-tal strip
from Luanda to latitude 33°3. Two additional areas of arid climates are indicated in
scuthvest Madagascar and in the valley of the Limpopo throupgh the south of southern
Rhodenia and adjacent Mozambique,

In the arid repion of the Sahara, moisture indices are less than -50 close to the
southern flank of the Saharan Atlas, as for example at Colomb Hechar, and the molsture
index is less than -50 in all stations ol Fgypt except Gaza, Moat of tha Sshara has
very 1ov moisture indices hecaure of deficlent precipitation and large water needs; the
moisture index is less than =50 throughout the central Sahara so that even as far south
as Khartoum, Kidal, and Timbuktu, one finds indices of less than -50. Near the borders
of the arid regions, the molsture index underpgoes a moderately =harp transitlon where
infices 0/ =LO to =50 are arrayed in a narrow hand around the main area of prevailing
indices of -50 and less.

Moi:tture indices in other ' arid climates of Africa are rarely so low as in the
Sahara., Because the coast of Somalia near Mogadisciu has a slightly greater amount of
pracipitation than elsewhere in its immediate vicinity the moisture index is locally
only - u0 rather than =50,

A moisture index of =55 at Lodwar, Kenya indicates that Lake Rudolf is surrounded
by 8 relatively small region of arid climate., A similar scot of arid climate around
Lake Natron in Kenya and Tanganyiku 1s indicated by a molature index of =48 at Magadi,
The ar' climate alonp the Limpopo in the south of mouthern Rhodesia embraces beltbridpe
and tw. additional atations where moisture indices are from -L? to -47. The lowest
index in Macagascar is =LS at Androka in the southwest of the island.

The !'amiv and Kalahar!i Deserts are the loci of the remaining arid climates of
Africa. Fron Luanda, Anpoln to the vicinity of the mouth of the Olifants River, the
climate is arid and moisture indices are mainly less than =4O {n Angols and =50 in
southwest Afr.ca and the Union of Couth Africa. The tore of arid climates enlarges in-
land from the mouth of the Orange Hiver to include i{ndices ot =30 around Upninpton.
Generslly, huwever, the moisture indices ir. the Kalahari do not appear to have a sharp
rradient from =50 to =LO as was indicated in the Sshara,

CLIMATIC MAPS OF TNDIA AND VICINITY

Averape Annual Precinitation

In figure ) the distribution of the average annual precipitation of India and
vicinity s shown, This msp i3 8 generalizad reduction by K, Nishimoto of s 135,000,000
map originally prepared by Varanusi P, Subrahmanysm and Gopal Y, Uhanbhap.

Maxima of precipitation coincide with higher elevatione {in the Uhats, the eastern
Himalaya snd the Arakan Yoms but a genersl decreasne from southeast to pnarthwast ins
characteristiec of the ragion hotween the Chatn and the Himalayas, The distritution of
precipiiation {8 markadly nessonal yet the west coa't of the Deccgn and virtually a'}
tha suh-continent asat of the A3th meridisn have anrual totala excerding 100 en,
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Minima of precipitation are found mainly in the northwest but subaidiar; centers
appear in the lee of the Ghats, the Khasi Hills, and the Arakan Yoma. The region of low
precipitation in the Indian sub-continent corresponds in latitude to the extensive belt
of sparse precipitation extending across Africa and Arabia alonr the Tropic of Cencer.
The region of large precipitation amounts in Indis has annual totals comparable to the
greatest amounts in central Africa; however, the zone of heavy precipitation in India
extenda to latitude 30° while its African counterpart 1s distinctly equaterial,

An appreciation of precipitition in relation to its adequacy, superfluity, or
paucity can hardly be gained from perusal of the isohyetal pattern alone; precinitation
must be compared with water need or potential evapotranspiration.

Aversge Annus)l Potentisl Evapotrerc.'»iiion (Flate 1L-2)

In plate 1I-A, the same ranges of thermal efficiency (water need or potential
evapotranspiration) are shown for India and vicinity that were portrayed for Africa in

plate I1-A,

The frost (E') climates and the taiga (D') climates occur on the Himalaya summits
at high elevations but only a small area is represented in the agrrepate so D' and E!
climates are not shown on the small-scale mep in this report. Microthermal (C'), meso-
thermal (B'), and megathermal (A') climates dominate the Indian sub-continent.

Microthermal climastes in Indis sre exclusive to the higher ranges in the Himalaya
Mountains. No lowlsand miecrothermal climates exist in India and only two observatories
at Leh and Dras in Kashmir have known average annual totals of potential evapotransnira-
tion which fall into the microthermal category. DBoth stations are higher than 10,000 ft.

elevation.

Mesothermal climates are prominent at moderate elevations especially above 2500 ft.
in the Himalaya and Sulaiman Mountains, in the Khasi Hills, the Shan Plateau, and the
Arakan Yoma., Mesothermal regimes are found et -~elatively higher levels in the western
GChats and the Aravalli Range, prinecipally above LOOO ft.

Mgrathermal climntes dominate nearly all the productive land of the Indian sub-
cortinent except the valleys of Kashmir and moat lowlands have about 150 em of water
need. Annual totals exceed 171 em of water need in only four small regions: the
Irrawvaddy Delta, the Coromandel Coast, northern Ceylon, and the Malabar Coast, Although
megathermal climates are found in a larger proportion of India than in Atrica, the extreme-
ly high water needs of north Africa do not occur widely in India. It is particularly
evider that the Thar Desert does not have annual amounts of potential evapotranspiration
comparable to those found in the Sahara and Somalia deserts.

The seasonal distribution of potential evapotranspiration follows one of three
general patterns in the ares represented by the maps of plate II-A, In the northwest,
monthly amounts of water need are arranged in a nearly symmetrical curve as is illustrated
by the rrach for Srinagar in figure l-I. In lowest latitudes and at highest altitudes
of this region, the monthly amounts of potential evapotranspiration are only slightly
different from one snother; this constancy of water need is shown in the graphs for
Colombo and Kanpetlet in figure 1-E,C. The most prevalent type of march for water need
is an asymmetrical curve, The skewed curve for Agra in figure 1-J is repreaentative of
the annual course of potential evapotranspiration at most stations in the Cangesa Val ey
and in northern Deccan.

Averape Annusl Water Deficiency (Plate 1I-C)

Thare is no significant water deficit in the moderate and high slevations of the
Arakan Yoma and the eastern Himalaya Mountains. At the other extreme, the larcest area
of excessive deficiency in the sub-continent is found in the Indus Valley. Virtually
a1l the Indus Valley in Pskistan has more than 100 em of deficit. Detween the area of
largest deficit in Pakistan and the Himalayan region of negligible deficit, the isopletha
of deficirncy are regularly arrayed.

Benjuen the Indus Valley, there are thres mmaller centors of exceasive deficit:
the em tral Irravaddy Vallay, the Kistns Valley in the central Deccan and a =mall area
in northw <t Ceylon opponite a similar area on the mainland.




[wficit taroughout the year in the Indus Valiey 1is usually uninterr.yted; ¢ven
where there iz rnliable precipltation, it is not enourh .o satisfy the average monthly
water need, At Karachi, as figure 1-H shows, there is never a month when average preci-
pitetion is as much as the average water need. In the Irrawaddy Valley, deficit is con-
tinuou~ as, for example, st Mandslay (figure 1-K) in the heart of the central section of
the valley, The Kistna Valley and the lowland around “adura in Madras irovince alro
have deficits wvhich are virtually continuous.

The regions th nerligible daficit have only a month or two, if any, when preci-
pitation is iradequate for needs. Such deficits generally occur during larch and April.

Averape Annual Water Surplus (Plate II-D)

huae

World record amounts of surplus occur Ln lnd haast Hills wncre Sherepund!
more than 1000 cm of surplus water in eight months. The coast of Hurma near Gwa and
the Mergui Coast fart’ >r south have astounding amounts of surplus, between L,0O and
SO0 em, while in the eastern Himalayas and in the central part of the Chats some water
surpluses exceed 200 em. East of longitude 80P, surplus is copions sverywhere except.
in thie central sections of the Ganges and Irrawaddy valleys where ‘here {a only 20 em

of surplus,

The Chats, the central Deccan uplands, and the coasts of Burma have a larpe sur-
plus which generally rcaches its peak in June and July just after the pinnracle of the
drourht seascn in April. Coastal Mairas and the interior of Ceylon have a surrlus during
November and adjacent months, Some stations in southern [leccan and Ceylon have both a
November and June-July maximum of surplus,

In the northwest, precYpitation is maximum and water need is least in winter so
trhat surplus also occurs in winter. OUther seasons have no sirnificant surplus; indeed,
sur:lus occurs only at the hiph elevations where precipitation i+ arorectiable.

Moisture Hepions (Plate II-B)

The moisture regions of the lndian sub-continent range from arid to perhumid with
all intermediate molsture categories represented. vsoist climates and dry climates are
separated by a hold line on the moisture regions map in plate II-B. soiat and dry
climates are nearly equsl in area in India. The uhats, central Ceylon, the Aravalli
Ranga, and peaks of the Sulaiman Mountains appear as outliers of the main arca of moist
climates to the east of the 80th meridian. On the other hand, dry climates appear as an
isolated area in the rentral lrrawaddy Valley.

Per .umid climates on the Burma coast anl the urlandés of the Ghats, Arakan Yoma,
Ehasi Yills, and Himalaya Mountains have excessive molsture indices, kAt Cherapundji the
index is 125L; at Akyahr on the Burma coast it is 2uS5. Although Cherapundji has no
reliable deficit, there are moderate and consistent deficits at Akyab and many other per-
humid stations with erzessive molstire indices.

In spite af the large ranpe of the moisture index which is included in the catepory
of humid elimatea, there i« not much area in India and vieinity which hns humid climate.
In fact, therc i1 only slightly more area of humid climate than of perhumid climate,

Subhumicd climates are most extensive in the uplands of the northern Decean and the
central part of the Ganges Valley. OSurplus and deficit are nearly equal in this repion,
averaping about 50 em per yeur. In coantal Madras snd Ceylon where there are two small
sur-lus sezsons and two seasons of deficit, the climate is only subhumid in apite of the
fact that annual precipitation totals exceed 100 cm,

vemjurid climate in the Deccan occupies most of the Kistna Valley and the const
of Andhra a= well as the interior plaina in the south of Madras. Jemiarid climate also
ia prevalent at lowest elevationa in tho central Irrawaddy Valley, From the Aathiawar
Feninaula to the aravalli rnarpe, then northward and northwestward to the unjab an exten~
atve area of semiarid climate {s shown in plate I1-B., On the middle alopea of the
“mlafman Yountaina and eontipuous rapren, semiorid climate continuen from the tunjab to
afvhantatar and lran,




Arid climate is found §n the lee of the Ghats althoush moisture in'ices there
indicate only the most modest of arid condilions. A thurourhly ariu region extends
along the central and lower course of the Indus Hiver and then westward along the coast
of the Gulf of Oman. Arid climate slso characlerizes the lnterior basins in Laluchistan.

Arid climates are found mainly at low to moderate elevations wheres precipitation
is =mall, but neither precipitation amcunts ncr elevations can serve to indicate every-
where that ar{. r~limater are to be found in Indin and vicinity.

DISrUSSION

In preparinpg the ~limatic maps it was accepted that thev muil depict 'he ;- bal,e
conditions where data are insufficient to indicate actual conditions. Acrordingly, the
mav patterns fit the climatic data and, in various depree<, Lhey corresrond to the major
relief patterns, In spite of this attribute, the maps must be reparded as eeneralized
{llustrations so that reference to the tabulated data is necucrary for exart ard detslled

information.

Fach man pattern carries out a pre-determined style of generalization, or inter-
polation, which is aprpropriate for the particular climatic parameter. Uince the inter-
polation technique rests mainly on toposraphic information, the maps of Africa are
especiallv detriled hecause they are based on a superlative phyrcical map made available
for our project by the american Georrarchical Ucelety. In additinn to their correspondence
with data and topopraphy, the climatic patterns resemble one another in certain instances,

The map of potential evapotransniration is penerally dissimilar to the mans of
preeipl tation, water surrlus and moisture replons, but the patterr of water deficiency
resembles the pattern of potential evarotranc.iration where precipitation {a slipht, uf
course, if there were no precipitation, the water need and the water deficiency would be
equivalent,

The pattern of moisture r/pions might be reasonably well anticipated from the
distributions of precipitation, water surplus and water deficiency. rerhumid regions
and rerions of very hirh precivitation correstond closely; moist climates and regions of
moderate water surplus are found nearly everywhere topether; and dry climates are almost
co.ncident with prevailing patterns of water deficiency, There is no clearly discernible
arreement between the patterrs of potential evarotrarsniration and moisiure repions except
in the dry elimates,

Ihere 18 a close correspondence hetween areas of nerlipible deficit and replions of
hiph anrual preeipitation. The similarities betwern certain water deficlency patterns
and dry climates as well a® the likeness hetweaen maxima of potential evapotranapiration
and larege deficits have been indicated previously. There is, however, a distinetive con=-
trast between water deficiency and water rurilus patterns. vhere one is moct intricate,
the nther variea only pradually. 5till, the outline of lenst surrlus penerally defines
maxima of def,clency ard viee veoreaa,

Water i rplus pattern~ recembhle patterrs of precipitation where the preciritation
is laree and they also resemhle the meict elimnter of the moi<ture repions map,

The map of precipitation in Afriea war ronstructed frem orecipitation records of
12LL statione an) fr-m reference to larpe-reale prec!pitatior mave of individual rountries
of Afrira. The precipitation mar In fipure 2 aprees penernlly with authoritative preeipie
tation mapa published for varions countries af Afrien, A}thourh those ma:s are based
presumably on intimate arquaintance with the particular eountry and on complete precipita-
tinn rerords, they are not comprehensjve of the whole continent ara the method of ma:ring
iz not consistent frcm one map to the next. Our map, in the oricinnl, hars n acale of
116,000,000 and [t pertaine to the whole continent but {1t i net a patnetaking interpreta-
tion of the distribution of precipitation. The map of precipitation in India, fipure 3,
i~ rather similarly limited {n fLs purpose and derree of articulation althourh more than
hoN atatinns were avajiatle. Inrtead of presenting a mort detnle ! map of thr precipita-
tion dintribution, thi+ peneral map was included merely to ind catn that preecipitation
distribution doe = net cerve adioquntely to represint rither the el tmatie types or the hydro-
trpte eraracter of a rerion.
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The maps of plates 1 and II should be regarded ae preliminary in tha sense that
they are the first attempt to portray the continent of Africe end the Indian sub-continent
in the Thornthvaite system of climatic classification. They are the first maps to include
the principsl features of the water balance or the hydrologlc supply and demand of those
large continental land masses., The maps are, of course, subject to corrections and
nodificetion based on later information and experience with the intricacles of vegetetion,

soils, hydrologic, climatic, and ecological conditions in specific areas,
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